Abstract Dielectrophoresis (DEP) of rod-shaped nanostructures is attractive because of its exceptional capability to fabricate nanowire-based electronic devices. This efficient manipulation method, however, has a common side effect of assembling a certain number of nanowires at undesired positions. It is therefore essential to understand the underlying physics of DEP of nanowires in order to better guide the assembly. In this work, we propose theoretical methods to characterize the dielectrophoretic force and torque as well as the hydrodynamic drag force and torque on the nanowire (typical length: 10 lm). The trajectory of the nanowire is then simulated based on rigid body dynamics. The nanowire is predicted to either bridge the electrodes or attach on the surface of one electrode. A neighborhood in which the nanowire is more likely to bridge electrodes is found, which is conducive to successful assembly. The simulation study in this work provides us not only a better understanding of the underlying physics but also practical guidance on nanowire assembly by DEP.
Introduction
Because of quantum confinement and their unique geometries, nanowires exhibit superior performance in applications such as field-effect-transistors (FETs) (Fan et al. 2004) , chemical sensors (Ahn et al. 2008; Zhang et al. 2004) , photovoltaic cells (Garnett and Yang 2010; Lan and Li 2013) , and optical electronics (Gu et al. 2008) . Nanowires can be synthesized routinely through different techniques today (Gudiksen et al. 2002; Jiang et al. 2002; Unalan et al. 2008 ). However, stable electrical connections between nanowires and nanoscale circuitry are essential to fabricate these nanowire-based electronic devices. Usually, either a top-down monolithic fabrication or a bottom-up direct assembly is used to make electrical connections. The top-down technique fabricates nanowires and electronic circuitry from the same bulk wafer using monolithic fabrication technologies. Devices made from top-down approach suffer from economic limitation and process-induced degradation such as excessive surface traps. The bottom-up technique assembles synthesized nanowires into electronic circuitry through various kinds of approaches such as dielectrophoretic (DEP) assembly (Kiasari and Servati 2011; Kuzyk 2011; Liu et al. 2008 Liu et al. , 2006 , fluid-guided assembly (Chung et al. 2008) , and Langmuir-Blodgett assembly (Yang and Kim 2002) . Devices made from bottom-up approach are advantageous in fabrication cost, nanowires' quality, and control on assembly positions. Among the assembly approaches associated with bottom-up technique, DEP assembly is most attractive because of its capability to conveniently and precisely manipulate nanostructures onto pre-defined electrodes.
Although DEP assembly has been demonstrated to be an efficient way to position nanowires, the yield is often very low. Since experimental implementation often observes a certain number of nanowires been assembled at undesired locations, a detailed investigation on the alignment of nanowires is critical to better guide the implementation of DEP assembly. Mayer's group has performed tremendous work on the alignment of DEP assembled nanowires through experiments (Smith et al. 2000) . The varying of voltage or frequency altered the electrical forces and helped to improve the alignment. To further investigate the assembly process, a detailed study based on theoretical models and numerical simulations is indispensable. In our previous work (Tao et al. 2014) , a comprehensive 2D model was constructed to investigate the assembly process, which was capable of predicting the trajectory and alignment of DEP controlled nanowires. However, the 2D model, which deals with nanowires moving on the surface of electrodes, cannot describe the motion of nanowires in the space above electrodes. Therefore, a more realistic 3D model that fully captures the nanowire dynamics is needed to better illustrate the nanowire's trajectory and alignment.
In this work, a comprehensive 3D model based on rigid body dynamics is proposed to simulate single nanowire's motion. The DEP force and torque on the nanowire are calculated using a finite element-like method. Rigid body dynamics considers the DEP drives and the hydrodynamic drag terms and estimates the position and orientation of the nanowire during the numerical simulation. Depending on its initial position and orientation, the nanowire is predicted to either bridge the electrodes or attach on the surface of one electrode. As we simulate the trajectory of nanowires under different initial conditions, a neighborhood in which the nanowire is more likely to bridge the electrodes is predicted. Further simulation indicates that the boundary of the neighborhood is affected by the electrode gap size and the length of the nanowire. Those findings on the neighborhood are expected to provide practical guidance on using DEP in assembling nanowire-based devices.
Modeling the dynamics and motion of nanowires in DEP assembly
DEP force and torque
In a non-uniform electric field, the nanowire receives DEP force and torque because of the interaction between the electric field and the induced dipole (Jones 1995; Morgan and Green 2003; Pohl 1978) . The classical calculation of DEP force and torque on a rod-shaped nanowire is based on the ellipsoid model. This model assumes the length of the nanowire is smaller than the non-uniformity of the electric field, which is practically inappropriate since the gap of electrodes usually is smaller than the nanowire's length. Therefore, similar to our analysis on 2D model (Tao et al. 2014) , we divide the whole nanowire into N small segments such that the electric field around each part can be treated as uniform. Each segment is modeled as an ellipsoid, such that classical formulas can be used to calculate DEP force and torque (Jones 1995; Morgan and Green 2003) , as shown in Fig. 1 . Fig. 1 Discretization of the nanowire to characterize DEP force, DEP torque, and the torque generated by DEP forces Both the DEP force and the DEP torque on the ith segment have three base components, respectively;
in which e m is the permittivity of the surrounding medium. r and l are the radius and length of the small segment, respectively.K n (n ¼ a; b; c) is a factor depended on the frequency of the electric field, which is given bỹ
where L n is the depolarization factor along the major axis n. The complex permittivityẽ (the subscripts m and p signify the medium and the nanostructure, respectively) is defined asẽ ¼ e À i r x , where e is the permittivity, r is the electrical conductivity, and x is the angular frequency of the electric field. E ix , E iy , and E iz are sub-components of local electric field E i along x, y, and z axes, respectively. Assuming the angles between the electric field E i and x, y, and z axes are a i , b i , and c i , the DEP force on the ith segment eventually is converted to the form
The translational motion of the nanowire is determined by the total DEP force on the nanowire, which is a vector summation of the form P N i¼1 F DEP h i i . The DEP force on each component generates a torque with respect to the center of the nanowire. This torque does not cause the nanowire to spin around the major a axis, yet results in a certain rotation around the center of the nanowire. The rotational motion of the nanowire is also affected by DEP torque that described in Eqs. (2a) to (2c). Note that the DEP torque also does not introduce spin rotation since L b ¼ L c implies the x component of DEP torque described in Eq. (2a) vanishes. The separate rotations along y and z axes can be characterized by summing up T DEPy i and T DEPz h i i ; respectively.
Hydrodynamic drag force and torque
Since nanowires are usually dispersed in solvents, their motions during DEP assembly are hampered by hydrodynamic drag force and torque. In nanofluid, the drag force on a rod-shaped nanostructure can be determined directly when the particle is moving lengthwise or sidewise. If the nanowire is moving at an arbitrary direction, the drag force can be estimated by projecting the nanowire's velocity v onto x, y, and z axes, shown in Fig. 2 . Each sub-component velocity results in a corresponding drag force (Berg 1993) . The composite of the three drag forces is the total drag force on the nanowire,
where g is the viscosity of the nanofluid, and L is the length of the nanowire. Since the nanowire has no spin motion, the composite of two angular velocities x y and x z , x, determines the actual rotational axis of the nanowire, as shown in Fig. 3 . Because the rotational velocity x is perpendicular to the nanowire, a method similar to our previous work on 2D model is utilized to calculate the DEP torque (Berg 1993; Tao et al. 2014) ,
The projections of T DRAG onto y and z axes are the components of drag torque on the two axes.
Rigid body dynamics
Knowing the forces and torques resulted from DEP and hydrodynamic drag term, the trajectory of single nanowire can be numerically simulated based on rigid body dynamics (Greenwood 2003) . To clearly illustrate the nanowire's motion, we define three frames: global inertial XYZ frame, local inertial x 0 y 0 z 0 frame, and body-fixed xyz frame, as shown in Fig. 4 . The global inertial XYZ frame is universally consistent, while the body-fixed xyz frame is built on the nanowire, which has its origin o fixed on the center of the nanowire and moves with the nanowire. During the numerical simulation, the local inertial x 0 y 0 z 0 frame coincides with the body-fixed xyz frame at the beginning of each time step, remains unchanged during that step, and is updated to coincide with the body-fixed xyz frame at the end of each time step. Let I; J; K ð Þ, i 0 ; j 0 ; k 0 ð Þ, and i; j; k ð Þbe the unit vectors for the XYZ frame, x 0 y 0 z 0 frame, and xyz frame, respectively. The unit vectors for the xyz frame i; j; k ð Þare set to be coincide with the principal axes a, b, c. At the beginning of each time step, given the coordinates of o, and three body-fixed reference points A, B, and C oA
transformation from the global inertial XYZ frame to the local inertial 
The motion of the nanowire includes two independent motion: translational motion and rotational motion. In each time step from t 0 to t 0 þ Dt, the motion of the nanowire can be viewed as a rotation about an axis through the center of the nanowire at time t 0 , followed by a translation of the nanowire resulting in the final position of the center of the nanowire at time t 0 þ Dt. The translational motion that satisfies Newtonian dynamics is described in the global inertial XYZ frame,
where m is the mass of the nanowire, F X , F Y , and F Z are three sub-components of total force on the nanowire along X, Y, and Z axes, respectively. At time t 0 , the orientation, position, and velocity of the nanowire can be obtained from the calculation of previous step. As illustrated in ''DEP force and torque'' and ''Hydrodynamic drag force and torque'' section, the DEP force on the nanowire can be calculated according to the orientation and position of the nanowire, while the drag force can be determined from the orientation and velocity of the nanowire. Therefore, the position of the center of the nanowire X; Y; Z ð Þ and velocities
Because it is more convenient to define the moment of inertia, the rotational motion is characterized in the body-fixed xyz frame. The orientation of the bodyfixed xyz frame relative to the local inertial x 0 y 0 z 0 frame is given by a rotational matrix R, x y z
In the body-fixed xyz frame, the rotation of the nanowire is governed by Euler equations (Greenwood 2003) , which implies angular velocities x y and x z are functions of time, Fig. 3 Discretization of the nanowire to calculate the drag torque
where I yy and I zz are self-moment of inertia around y and z axes, respectively. The orientation of the nanowire can be obtained from its angular velocities using Euler parameters. The rotational matrix R can be expressed in the form of Euler parameters.
2 z 2n y n z 2n y g 2n z n y 1 À 2n 2 y 2 6 6 4 3 7 7 5 : ð10Þ
The kinematic equation described by Euler parameters is
The Euler parameters n y n z g Â Ã T has an initial value 0 0 1 ½ T at time t 0 . Since x y and x z can be calculated from Eqs. (9a) and (9b), n y n z g Â Ã T at time t 0 þ Dt can be determined using Runge-Kutta methods. Therefore, the rotational matrix R at the end of each time step can be estimated according to Eq. (10). The translational motion needs to be combined with the rotational motion to determine the exact position and orientation of the nanowire at the end of each time step. Suppose during the time step from t 0 to t 0 þ Dt, the center of the nanowire translates from After a pure rotation, the coordinates of these reference points in the local inertial x 0 y 0 z 0 frame at time t 0 þ Dt can be obtained through the calculated rotation matrix R. For example,
The transformation matrix Q in Eq. (7) is introduced to determine the coordinates of point A in global inertia XYZ frame, X A ; Y A ; Z A ð Þ , after a pure rotation at time t 0 þ Dt. The exact coordinates of point A in global inertia XYZ frame, however, should consider effect comes from translation, Similarly, the coordinates of reference points B and C in global inertia XYZ frame can be determined at time t 0 þ Dt. Knowing the coordinates of the nanowire's center and three reference points, the exact position and orientation of the nanowire in global inertia XYZ frame can be estimated. As we update the local inertial x 0 y 0 z 0 frame at time t 0 þ Dt, the simulation can be implemented iteratively to predict the nanowire's trajectory in 3D space.
Simulation studies
Numerical simulation of nanowire's trajectory A pair of electrodes with a gap of 3 lm is constructed in COMSOL software. By applying a 1 MHz (to ensure positive DEP forces on nanowires), 10 V excitation across the electrodes, a non-uniform electric field is simulated. Figure 5 shows the electric field E and the gradient of electric field square r E j j 2 in the vertical plane along the electrodes. Both the electric field E and the gradient r E j j 2 have larger magnitudes at the region near the electrodes, which implies the positive DEP has the ability to drive the nanowire towards the electrodes. In order to accurately predict a nanowire's trajectory through numerical simulation, it is essential to select a sufficiently small time duration for each step. A threshold (5 nm) was set on the displacement of the nanowire to adaptively control the time step, such that the DEP force and torque could only have very tiny changes during that step. Moreover, another criterion was created to monitor the velocity and rotational velocity to ensure that the magnitudes of drag force and torque would not exceed those of DEP force and torque. Assuming a 10-lm-long nanowire with a conductivity of 10 4 S/m is initially along the electrodes in the upper space [the initial coordinates of the nanowire's center is (0, 0, 30) lm], its trajectory can be predicted through numerical simulation, as shown in Fig. 6 . Both DEP force and drag force affect the motion of the nanowire. The trajectory of the nanowire is mainly determined by the DEP force, while the drag force tends to balance the DEP force to avoid vigorous motion. Because of the effect of positive DEP, the nanowire is driven toward the electrodes along the direction of the gradient r E j j 2 . Moreover, the nanowire tends to align with the electric field E during the assembly, which implies the DEP torque dominates over the torque generated by DEP forces. The nanowire receives larger DEP force and torque when it is closer to the electrodes, thereby increasing its translational and rotational velocities gradually. At time 1.5 ms, one end of the nanowire hits one electrode and cannot move freely because of strong Van der Waals force. Nevertheless, the nanowire can Fig. 5 The electric field generated by triangular electrodes in the vertical XOZ plane. a The magnitude of the electric field E, b the magnitude of the gradient form r E j j 2 , c the vector plot of the electric field E, and d The vector plot of the gradient form r E j j rotate around the attaching point under the effect of DEP torque and the torque generated by DEP forces. Moreover, the Van der Waals force and the gravitational force are supposed to affect the nanowire's rotation. However, the magnitudes of the two forces are approximately 10 -12 and 10 -15 N, which are much smaller than that of DEP force (10 -9 N). Therefore, it is the DEP torque and the torque generated by DEP forces that mainly contribute to drive the nanowire to bridge the electrodes ultimately.
The nanowire, however, cannot always bridge the electrodes. As shown in Fig. 7 , a nanowire along the electrodes begins its motion from (30, 0, 30) lm. Similar to previous situation, the nanowire is aligned with the direction of the electric field E and translates toward the electrodes along the gradient r E j j 2 . After hitting one electrode, the DEP torque, the torque generated by DEP forces, Van der Waals force, and gravitational force drive the nanowire to attach on the surface of the electrode. Instead of bridging the electrodes, the nanowire comes from the side of the electrodes can only attach on the surface of one electrode.
Determining the boundary for successful alignment by simulation Depends on its initial position and orientation, the nanowire either bridges the electrodes or attaches on the surface of one electrode after a standard DEP assembly as shown in previous subsection. In order to find the neighborhood in which nanowires are more likely to bridge the electrodes, we performed a large number of numerical simulations on the trajectory of nanowires with different initial conditions. Figure 8 shows the initial positions of nanowires for the simulation. We considered six vertical planes that along the electrodes and with different distances from orientations: along the electrodes, 30°orientation with the direction of electrodes and 60°orientation with the electrode surface, and perpendicular to the electrode surface. In each vertical plane, as we gradually moved the initial position of the nanowire from the center to the side of electrodes, the boundary for successful alignment in this plane can be obtained. After performing numerical simulation for nanowires started from the six vertical planes, the estimated boundary is summarized in different vertical planes and at different heights, as shown in Table 1 . Because of symmetry, the whole boundary of the neighborhood in which nanowires are more likely to bridge electrodes can be plotted accordingly, as shown in Fig. 9 . The boundary becomes narrower at larger height and larger distance away from the electrodes. Considering the vertical plane along the electrodes (y = 0 lm), at a higher distance above the electrodes (for example, x = 10 lm, z = 40 lm), the gradient r E j j 2 has a more dominant magnitude along z direction (À1:1981 Â 10 14 V 2 =m 3 ) than that along x direction (À5:4976 Â 10 12 V 2 =m 3 ), which causes the nanowire to have a much larger velocity downward than the velocity toward the center of electrodes. Therefore, the nanowire is more likely to attach on the surface of one electrode. At a lower distance above the electrodes (for example, x = 10 lm, z = 20 lm), the sub-components of the gradient r E j j 2 along both x direction (À1:2508 Â 10 14 V 2 =m 3 ) and z direction (À8:6759Â 10 14 V 2 =m 3 ) are comparable, which drives the nanowire to move toward the center of electrodes while translating downward. Hence the nanowire has the ability to bridge the electrodes. The narrower boundary at larger distance away from the electrodes can also be explained through similar method.
The numerical simulation was then performed for different situations by considering the gap size and the length of the nanowire. The boundaries for success alignment in the vertical plane along the electrodes for three different situations are compared in Table 2 and plotted out in Fig. 10 . The boundary for each situation becomes narrower at larger height above the electrodes. Since the long nanowire can bridge the electrodes even if it attaches on a position that far from the gap, the boundary for a 10-lm-long nanowire is wider than that for a 5-lm-long nanowire. In addition, it is more likely for a nanowire to bridge electrodes with smaller gap. Therefore, for a 5-lmlong nanowire, the boundary for 1 lm gap is wider than that for 3 lm gap. Those findings on the neighborhood are expected to provide practical guidance on DEP assembly. Knowing the gap size and the length of the nanowire, the neighborhood for successful alignment can be figured out through numerical simulations. A very small volume of nanowire suspension then can be delivered across the electrode gap region through micro-pipette to confine the suspended nanowires within the computed neighborhood. Instead of randomly attaching on the surface of the electrodes, the nanowires are more likely to successfully bridge the electrodes after the DEP assembly.
Conclusions
DEP assembly integrated with bottom-up methodology has been demonstrated to be an effective approach to fabricate nanowire-based electronic devices. The poor control on the final alignment of nanowires yet limits the popularity of DEP assembly. Aiming to provide useful guidance on experimental implementation, we proposed a comprehensive model to characterize the forces and torques on the nanowire. The trajectory of single nanowire was then predicted through numerical simulation based on rigid body dynamics. The nanowire that could either bridge the electrodes or attach on the surface of one electrode depends on its initial position and orientation. As we iteratively simulated the motion of nanowires started from different initial conditions, a neighborhood in which nanowires are more likely to bridge the electrodes is found, which is located in a region close to the electrode gap. The boundary of the neighborhood is narrower at larger height and larger distance away from the electrodes. Numerical simulations on several other situations indicate that the boundary also becomes narrower for larger gap size and smaller length of nanowire. Those findings are expected to help to realize successful assembly.
